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We use particle-in-cell (PIC) simulations and simple analytic models to investigate the laser-plasma interac-
tion known as ponderomotive steepening. When normally incident laser light reflects at the critical surface
of a plasma, the resulting standing electromagnetic wave modifies the electron density profile via the pon-
deromotive force, which creates peaks in the electron density separated by approximately half of the laser
wavelength. What is less well studied is how this charge imbalance accelerates ions towards the electron
density peaks, modifying the ion density profile of the plasma. Idealized PIC simulations with an extended
underdense plasma shelf are used to isolate the dynamics of ion density peak growth for a 42 fs pulse from
an 800 nm laser with an intensity of 1018 W cm−2. These simulations exhibit sustained longitudinal electric
fields of 200 GV m−1, which produce counter-steaming populations of ions reaching a few keV in energy. We
compare these simulations to theoretical models, and we explore how ion energy depends on factors such as
the plasma density and the laser wavelength, pulse duration, and intensity. We also provide relations for the
strength of longitudinal electric fields and an approximate timescale for the density peaks to develop. These
conclusions may be useful investigating the phenomenon of ponderomotive steepening as advances in laser
technology allow shorter and more intense pulses to be produced at various wavelengths. We also discuss the
parallels with other work studying the interference from two counter-propagating laser pulses.
I. INTRODUCTION
Ultra-intense laser interactions with dense targets rep-
resent an interesting regime, both from a fundamental
and an applied perspective, that has not yet been ex-
haustively explored. One less explored phenomenon in
this regime is the formation of electron and ion density
peaks due to a laser pulse that strongly reflects from a
dense target. There are papers that discuss this pro-
cess – sometimes called ponderomotive steepening – go-
ing back to Estabrook et al. 19751. Figure 1 provides
a qualitative sketch of the physics involved in this laser-
plasma interaction. First, a normally incident, linearly
polarized laser makes a strong reflection from a dense
plasma. The interference between the incident and re-
flected pulse produces a standing wave pattern (Fig. 1a).
The ponderomotive force associated with this standing
wave has a strong effect on the electron distribution
(Fig. 1b) and, over time, peaks form in the density of
both the electrons and ions (Fig. 1c). Readers who are
familiar with Kruer’s 1988 textbook2 will recall the dis-
cussion of this phenomenon there. Ponderomotive steep-
ening also draws many parallels to theoretical and com-
putational work that considers the standing electromag-
netic (EM) wave formed by crossing two laser pulses to
generate plasma optics such as plasma gratings3,4 and
so-called transient plasma photonic crystals5–7 which are
a)Electronic mail: smith.10838@osu.edu
phenomena that may have useful applications in the fu-
ture (see discussions in Refs.4,6). From an experimental
point of view, ponderomotive steepening only requires
one laser pulse, and the high densities near the critical
surface allow for larger transverse electric fields than with
counter-propagating lasers in low density media.
We are motivated to return to this topic with fresh
eyes in part due to the maturation of technologies to
produce intense laser pulses at mid-infrared (IR) wave-
lengths (2 µm . λ . 10 µm)8. This presents an oppor-
tunity to examine the wavelength dependence of intense
laser-matter interactions to see if theoretical models de-
veloped from studying laser interactions at shorter wave-
lengths remain valid at longer wavelengths (e.g. Ref.9,
and ongoing research efforts10). As discussed later, the
density peaks that form with ponderomotive steepening
are separated by approximately half the laser wavelength.
It is therefore challenging to detect and resolve these
density peaks in near-IR or shorter-wavelength laser in-
teractions. There have been many experiments that
confirm that the ponderomotive force does steepen the
plasma profile near the target as expected (e.g Fedosejevs
et al. 11 , Gong et al. 12) and researchers have found ev-
idence in experiments with counter-propagating near-IR
laser pulses that the interference shapes the plasma dis-
tribution in a low density medium (e.g. Suntsov et al. 13).
However, multiply-peaked ponderomotive steepening has
not yet been directly observed with interferometry or by
other means. We aim to provide useful analytic insights
for experimentalists working to demonstrate this effect.
A challenge for connecting theory to observation is that
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FIG. 1. Sketch of the ponderomotive steepening process. As illustrated in (a), a normally incident laser pulse reflects at the
critical density of a plasma and forms a standing electromagnetic wave. This causes the electrons to form peaks near the
extrema (separated by ≈ λ/2) of the standing wave via the ponderomotive force (b). The modification of the electron density
creates a charge imbalance (sustained by the standing wave), which accelerates ions towards the electron peaks. In time, this
modifies the density of the plasma as illustrated in (c). Note that (b) and (c) only include the standing wave region from (a).
ponderomotive steepening is simplest to model and has
larger longitudinal electric field strengths when the laser
interactions are at normal incidence, whereas at the high-
est intensities normal incidence experiments are rare be-
cause of the potential damage that the reflected pulse
could do to optical elements. There are, however, meth-
ods to protect optics from the reflected pulse. Normal
incidence experiments were conducted, for example, at
≈ 1018 W cm−2 peak intensities with ≈ 3 mJ pulses at
a kHz repetition rate in Refs.14,15. Although the present
paper is not tied to modeling interactions from a par-
ticular laser system, it is important to note that nor-
mal incidence experiments can be performed. As will
be discussed, ponderomotive steepening is not typically
thought of as an ion acceleration process but some ions
do reach significant energies due to the charge separa-
tion caused by the ponderomotive force; and experiments
could investigate this regime. According to estimates
that agree with our 2D(3v) PIC simulations, under the
right conditions and laser parameters these interactions
have the potential to accelerate ions to energies exceeding
100 keV. Experiments of this kind would also be interest-
ing as a new type of code validation experiment for high
intensity laser-plasma interactions. Both during and af-
ter the laser interaction, ions move and the electron and
ion density profiles change over time which can be inves-
tigated with interferometry16–18 and measurements of es-
caping ion energies (e.g. Ref.19). The simplicity and sym-
metry of normal incidence interactions would be helpful
for comparing experiment to simulation and theory in a
straightforward way.
In Sec. II, we provide a brief review of the physics
of ponderomotive steepening and identify the relevant
timescales for ion motion using simple analytic mod-
els. In Sec. III we describe 2D(3v) PIC simulations that
exhibit multiply-peaked ponderomotive steepening. In
Sec. IV the simulation results are presented and com-
pared to the analytic models discussed in Sec. II. Finally,
we address implications of our results in the concluding
sections.
II. PONDEROMOTIVE STEEPENING AND ION
ACCELERATION
The traditional analytic approach for ponderomotive
steepening considers a steady state solution to the fluid
equations, to which a term for the ponderomotive force
is added. The electric field is then assumed to take a
particular form based on the geometry of the problem
and to allow for numerical solutions or approximate so-
lutions1,2,20–23. These approximations limit the validity
of the conclusions, and the steady state solution pro-
vides little insight into the dynamics of the phenomenon.
We investigate these dynamics by developing a simple
model to estimate the longitudinal electric fields expe-
rienced by the ions and comparing the predictions to
PIC simulations. Our simple model is similar in many
ways to an analytic model described in a recent paper
by Lehmann and Spatschek 7 that considers the dynam-
ics of the electron motion for the case of lower intensity
counter-propagating laser beams in a low density medium
with 1D Vlasov simulations. Our paper is complimen-
tary to theirs because we consider standing waves that
form from the normal incidence reflection of intense laser
pulses from an overdense target preceded by a ≈1/20th
of critical density shelf and as just mentioned, we focus
on the dynamics of the ions. Our 2D(3v) PIC simulations
also include the focusing of the laser. Where appropriate,
we provide comments for those wishing to compare our
work to Lehmann and Spatschek 7 . The timescales and
intensity thresholds we develop are very similar to their
3models.
A. A simple model for ponderomotive and electrostatic
forces in ponderomotive steepening
As sketched in Fig. 1, the laser creates a charge im-
balance due to the ponderomotive force on the electrons,
which in turn creates a longitudinal electric field to accel-
erate the ions towards the electron peaks. We develop a
simple model that balances the ponderomotive force with
the Coulomb force associated with the charge separation.
A charged particle in an inhomogeneous EM field ex-
periences the ponderomotive force, which is a cycle-
averaged force that models the motion of these particles
on timescales larger than the laser period. For a particle
of mass m with charge e and an electric field with fre-
quency ω and amplitude E, the ponderomotive force is
given by
Fp = − e
2
4mω2
∇E2(x), (1)
where the electric field is cycle-averaged. While this effect
is experienced by both electrons and ions, for the laser
intensities we are concerned with here, the much more
massive ions are hardly affected by the ponderomotive
force.
We consider a linearly polarized plane electromagnetic
wave propagating in the +x direction and reflecting off
of a semi-infinite overdense plasma at x > 0. Similar to
Refs.24,25, we assume that the plasma is a perfect con-
ductor and reflects 100% of the light, resulting in a stand-
ing EM wave (x<0) with electric and magnetic fields de-
scribed by
Ez = 2E0 sin
(
2pix
λ
)
sin(ωt) (2)
By = 2B0 cos
(
2pix
λ
)
cos(ωt). (3)
where E0 is the electric field strength of the laser if
there had been no reflection and B0 = E0/c. In real
experiments we do not expect 100% reflectivity. Yet,
the reflectivity can be high for laser interactions near,
but not significantly above, the threshold for relativis-
tic effects since the high temperatures produce a nearly
collisionless plasma, but relativistic absorption is not yet
pronounced26,27. Inserting Eq. 2 into Eq. 1 yields the lon-
gitudinal ponderomotive force associated with the stand-
ing wave,
Fp = − λe
2E20
2pimec2
sin
(
4pix
λ
)
, (4)
which will be compared to the Coulomb force associated
with the charge separation.
1. Sinusoidal Density Variation Model
We begin with a simple model that balances the pon-
deromotive force on the electrons with the Coulomb force
associated with a sinusoidal density variation in the pre-
plasma. We assume that before reaching the overdense
plasma at x > 0 the laser travels through a constant, sub-
critical density shelf. We estimate the strength and spa-
tial dependence of the electrostatic force in this shelf by
choosing a distribution to perfectly balance the pondero-
motive force when integrated with the one-dimensional
Poisson equation. This produces a sinusoidal electron
density modulation of the form
nele = n0 + ne cos
(
4pix
λ
)
, (5)
where n0 is the average electron density in the plasma
(i.e. the electron density at that location in the plasma
before the laser pulse arrives) and ne describes the am-
plitude of the density modulation. Equation 5 is use-
ful for gaining qualitative insight into the ponderomotive
steepening process. We remind the reader that the pon-
deromotive force is time averaged, so this simple model
does not fully capture the physics involved. Moreover, as
presented in the following sections, simulations indicate
that the electron distribution is more strongly peaked
than this.
Note that because the local electron density must al-
ways be greater than or equal to zero, ne in Eq. 5 must
not exceed n0 as you cannot remove more electrons than
are available in the plasma. Since the laser only travels in
the sub-critical-density region of the plasma, n0 must also
be less than the critical density, ncrit = 4pi
2εomec
2/λ2e2,
and the maximum electron density is limited. Integrat-
ing Eq. 5 with the one-dimensional28 Poisson equation
results in a quasi-static electric field in the longitudinal
(x) direction of the form
E = −eneλ
4piε0
sin
(
4pix
λ
)
. (6)
According to Eq. 6 the peak longitudinal electric field is
expressed by
Emax =
ne
ncrit
pimec
2
eλ
(7)
which is equivalent to
Emax = (1.6× 1012 V/m)×
(
ne
ncrit
)(
1µm
λ
)
. (8)
Note that ne depends on the intensity of the laser. If
we equate the peak ponderomotive force (Eq. 4) to the
electrostatic force from (Eq. 6), one finds that for this
model the laser is limited to displacing electron densities
up to
ne,max =
4I
mec3
= (1.6× 1021 cm−3)×
(
I
1018 W cm−2
)
(9)
4where the laser intensity I = cε0|E0|2/2 has been used
to simplify the expression and ne,max is less than the
initial electron density in the plasma. For this model, the
density modulation is saturated with a critical intensity
of
Icrit =
mec
3n0
4
= (6.8× 1017 W cm−2)×
(
n0
ncrit
)(
1µm
λ
)2
. (10)
For this critical intensity, the normalized vector potential
a0 for the laser (a0 = eE0/meωc), is
a0,crit =
√
n0
2ncrit
, (11)
or in terms of the electron plasma frequency, ωpe =√
nee2/meε0 (using ne = n0),
a0,crit =
√
1
2
ωpe
ω
. (12)
Since a0,crit . 0.7, it is clear that the applicability of this
model does not extend to the strongly relativistic regime.
Intensities somewhat above this limit are considered in
the next subsection. We note the similarity to this es-
timate with the wave-breaking limit in laser wake-field
acceleration29, and in Lehmann and Spatschek 7 this in-
tensity threshold relates to the transition between what
they call the “collective electron” regime to the “single
electron bouncing” regime. For high electron tempera-
tures, this type of model could be extended by consid-
ering the Bohm-Gross frequency30 like in Ref7. Laser
driven instabilities would also play a role in certain
regimes2,31.
2. Maximum Depletion Limiting Case
At laser intensities significantly above the critical es-
timate derived in the previous subsection, the electrons
are more strongly peaked than predicted by Eq. 5 and
our sinusoidal model breaks down, as demonstrated by
simulation results that will be presented later. Although
the sinusoidal model breaks down, there is a simple way
to determine the maximum longitudinal electric fields in
this limiting case. If all of the available electrons are
evacuated to the peaks, the maximum electric field in
the maximum depletion regime is a factor of pi greater
than the sinusoidal model. This comes from integrating
the charge density in the depletion region (en0 × λ/4),
giving the maximum longitudinal electric field to be
Emax =
en0
ε0
(
λ
4
)
=
n0
ncrit
pi2mec
2
eλ
= (5× 1012 V/m)×
(
ne
ncrit
)(
1 µm
λ
)
. (13)
This result is notable simply in that it implies that the
longitudinal electric field is enhanced (relative to Eq. 8)
at intensities slightly exceeding Icrit from Eq. 10, rather
than being suppressed.
B. Timescale of the ion acceleration
This subsection determines a timescale for ion motion
(for ions to reach an electron peak), which will be useful
for comparison to the duration of the laser pulse. If the
timescale for ion motion is longer than the laser pulse
duration, then we characterize this as the ‘short pulse’
regime. If instead, the laser pulse duration is significantly
longer than this timescale, we label this as the ‘long pulse’
regime.
We assume the plasma to be an initially neutral mix-
ture of electrons and ions with charge +Ze where Z is
the average ionization. Now we consider the electrostatic
force on an ion of mass mi between two of the electron
peaks. Following the sinusoidal model, we focus on the
ions at a distance of λ/8 or less away from an electron
peak as they will reach the electron peak more quickly
(the farthest away ions are considered in Appendix B),
and we approximate the electric field as linear in this
region (matching the slope of Eq. 6 near its root), or
F = − 4Ze
2I
mec3ε0
x. (14)
This results in simple harmonic motion with an angular
frequency of
ωion =
√
4Ze2I
mimec3ε0
. (15)
We use this equation to compute the oscillation period
of the ion motion. Since we are primarily interested in
the dynamics of the ion density peak growth, we are
concerned with the timescale for an ion to move from
its initial location to the electron density peak. This
timescale is equivalent one-quarter of the ion oscillation
period (Appendix A), which is
τion =
pi
4
√
mimeε0c3
Ze2I
, (16)
where we note this formula is only valid for I ≤ Icrit
where Icrit is given by Eq 10. For higher intensities,
as discussed in Sec. II A 1, the maximum electron den-
sity that the laser displaces is limited by the number of
available electrons and critical density. This results in a
minimum timescale of
τion,min =
pi
2
√
miε0
Ze2n0
= (51 fs)
(
ncrit
n0
)1/2(
λ
1 µm
)(
mi
2Zmp
)1/2
(17)
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FIG. 2. The division between the short pulse and long pulse
regime as a function of laser intensity and for a variety of
wavelengths (for n0 ≈ ncrit) for our simple model. The
timescale on the vertical axis is the timescale of ion motion
from electrostatic forces in ponderomotive steepening. The
dashed line represents the timescale for a shelf density of
ncrit/20, pertaining to the simulations in this paper. The in-
dividual points on the graph represent the full pulse duration
for our simulations (scaled by ion mass).
where in the approximation we have for convenience as-
sumed Z = 1 and mi ≈ 2mp where mp is the mass of a
proton.
Equations 16 and 17 are represented in Fig. 2 which
illustrates the division between the short pulse and long
pulse regime as a function of laser intensity and wave-
length. The laser wavelength does not appear in Eq. 16,
which is why at low intensities in Fig. 2 the timescale does
not depend on wavelength. At higher intensities the sep-
aration between the two regimes does depend on wave-
length because our minimum timescale (Eq. 17) depends
on the initial plasma density, where ncrit does depend on
wavelength. Above this critical intensity, according to
the sinusoidal model, the maximum electron density that
the laser could displace exceeds the available number of
electrons in the plasma near the electron peak. It should
be noted that Eq. 16 has the same scaling with param-
eters as the time estimate in Lehmann and Spatschek 7
for an ion “grating” to develop in the standing wave.
1. Maximum ion velocities and energies
We assumed simple harmonic motion to obtain τion
in Eq. 16. This approach also provides a characteristic
ion energy which can be compared to our simulations.
Assuming simple harmonic motion with an amplitude of
λ/8 and an available electron density of ne we have an
ion velocity that increases with time as
vion ≈ pi
4
√
Zme
mi
√
ne
ncrit
c sin
(
pi
2
tSW
τion
)
, (18)
where tSW is time elapsed since the standing wave fields
began. Although Eq. 18 does not explicitly depend on the
laser wavelength, as mentioned earlier our expression for
τion is only valid at laser intensities below the critical in-
tensity (Eq. 10) which does depend on wavelength. Since
shorter wavelength lasers have a higher critical intensity,
one can reach much smaller values of τion as illustrated
in Fig. 2, which would allow the ion velocity (Eq. 18)
to grow more quickly. But this growth is limited by the
duration of the laser pulse if we are considering the short
pulse regime (tSW  τion).
For a sufficiently long duration laser pulse the standing
wave fields will last long enough that tSW approaches
τion. From Eq. 18, it is straightforward to show that this
implies a maximum kinetic energy exceeding 100 keV,
KEmax ≈ pi
2
32
Zme
ne
ncrit
c2 sin2
(
pi
2
tSW
τion
)
≈ 157.6 keV× Z
(
ne
ncrit
)
sin2
(
pi
2
tSW
τion
)
. (19)
Interestingly, this expression is independent of wave-
length except for the wavelength dependence of ncrit. We
note that this model is limited as it neglects motion of
ions that are initially further than λ/8 from an electron
peak, which require a longer pulse for maximum energy.
We also approximate the field as linear. Alternatively,
one could find the maximum energy from the work done
by the electric field, this is included in Appendix B.
III. PARTICLE-IN-CELL SIMULATIONS
Multiply-peaked ponderomotive steepening is exam-
ined numerically with implicit 2D(3v) PIC simulations
performed with the LSP PIC code32. The initial condi-
tions are such that we are in the short pulse regime of our
model and we have exceeded the critical intensity for our
model (Fig. 2). For these simulations, an x−z Cartesian
geometry is used, where the laser propagates in the +x
direction and the polarization is in the z direction. The
simulations have a spatial resolution of 25 nm × 25 nm
(λ/32× λ/32) and were run for 400 fs with a 0.1 fs time
step.
To isolate the dynamics of the ion peak formation
process we consider an idealized geometry of a rectan-
gular target with an extended pre-plasma shelf. The
plasma is assumed to be singly ionized with fixed ion-
ization. This choice is made to prevent the critical sur-
face from moving significantly due to ionization caused
6laser
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FIG. 3. Initial conditions for the 2D(3v) PIC simulations.
The laser propagates in the +x direction with a rectangular
target composed of an extended constant under-dense pre-
plasma shelf region preceding an overdense region.
by the laser pulse. Ponderomotive steepening still oc-
curs in simulations when the critical surface moves for-
ward from ionization (e.g. Refs.9,27) but we ignore this
effect in order to focus on the electron and ion dynamics.
In the laser propagation direction, the target consists of
a 7 µm long constant sub-critical density plasma shelf
(n = 8.594 × 1019 cm−3 ≈ ncrit/20) with a sharp inter-
face between an 15 µm overdense target (n = 1023 cm−3
≈ 60ncrit) as illustrated in Fig. 3. In the polarization di-
rection, the target is 30 µm wide. The ions are modeled
as collisionless, which is discussed in Sec. IV B.
We describe three different simulations with targets
composed of fully ionized hydrogen, deuterium, and tri-
tium ions in order to investigate different charge-to-mass
ratios. These simulations all keep the laser intensity and
initial target electron and ion number densities constant.
The overdense region is given a number density similar
to our group’s previous work27. The simulations were
initialized with 9 particles per cell for the electrons and 7
particles per cell for the ions with initial thermal energies
of 1 eV.
We consider an 800 nm wavelength, normally incident
laser pulse propagating in the +x direction that would
reach a peak intensity of 1018 W cm−2 if no target were
present. The pulse duration is 42 fs full width at half
maximum (FWHM) with a sine-squared envelope and a
Gaussian spot size of 1.5 µm (FWHM). These parameters
are similar to those of the Ti:Sapphire kHz repetition rate
laser system described in Refs.14,15,27. The laser focus
is set at the back of the target, as shown in Fig. 3, in
order to create a large region over which ponderomotive
steepening can occur. We use these parameters to explore
the short pulse regime of our model with tSW < τion.
IV. RESULTS
A. Peak Formation and Density Profile Modification
Figure 4 shows snapshots of the ion density from the
deuterium simulation at three different times. The stand-
ing EM wave causes the electrons to form peaks which,
over time, produce peaks in the ion density separated
by approximately λ/2 throughout the under-dense re-
gion. The hydrogen and tritium simulations show simi-
lar behavior, with the growth of the ion peaks happening
sooner for lighter ions and later for more massive ions. In
all three simulations we observe more than 10 ion density
peaks in the 7 µm long underdense region.
As mentioned, if no target were present, the laser pulse
in this simulation would reach 1018 W cm−2. Instead, the
laser is focused many microns into the target, making
the intensity near the sharp interface much lower than
it would be in the vacuum case. In our simulations the
intensity at the sharp interface is ≈ 2.6×1017 W cm−2.
According to Eq. 10, for our wavelength and plasma den-
sity Icrit ≈ 5×1016 W cm−2. Our simulations therefore
explore the regime where the intensity is about five times
larger than this threshold. Regarding the timescale of ion
motion, for these simulations τion = 129 fs ×
√
mion/mp.
This timescale in all three simulations is longer than the
42 fs FWHM laser pulse (and even the full simulated 84 fs
pulse with a sine-squared envelope), making these inter-
actions well within the short pulse regime as illustrated
in Fig. 1.
As discussed in the next section, an examination of the
ion trajectories confirm that ions accelerated from both
sides of the peak are streaming past each other. Figure 5
shows this happening in all three simulations, albeit on
different timescales. For each simulation, the peak ion
density increases to ≈ 2.5 × 1020 cm−3 (approximately
three times the initial density), which lasts for tens to
hundreds of femtoseconds, and then begins to decrease.
Multiply-peaked ponderomotive steepening in this short
pulse regime is therefore a highly transient effect.
B. Ion Motion
To better understand the dynamics of the peak forma-
tion process, we consider the motion of the ion macropar-
ticles in the simulation. In particular, if we consider the
ion trajectories (Fig. 6) we see that the ions are acceler-
ated towards the electron peaks while the standing wave
is present. Later, as the standing wave dissipates, the in-
ertia of the ions allows them to continue to travel with a
roughly constant velocity. We see from Fig. 6 that many
of the ions travel through the peak before the end of the
simulation, which produces the broadening observed in
Fig. 4. We note that the transverse movement of the
ions is negligible compared to the longitudinal motion.
The energy distribution of the ions is represented in
Fig. 7 which highlights results from the deuterium sim-
7FIG. 4. Ion density near the reflection point for the deuterium simulation. The laser finishes reflecting around 130 fs from the
beginning of the simulation (a), although the peaks continue to grow as shown at 260 fs (b) and then begin to dissipate as
illustrated at 390 fs (c). The width of the box (in z) represents the region considered in Fig. 5 and the entire box represents the
region considered for ion trajectories in Fig. 6. This density peak growth process including the electron density is highlighted
in the supplemental video included with this article.
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FIG. 5. Change in density of the first peak in the ion density.
The lines represent the maximum density of the first ion peak
averaged over the width of the laser pulse. This is calculated
by averaging the maximum density for each value of z in the
region -2 µm < z < 2 µm, where error bars represent the
standard deviation. We note that the exact density at the
peak depends on the cell size (and sharpness of the peak),
thus this graph comments more on densities in the region
near the peak rather than the peak itself.
ulation and overlays the average ion energies from the
hydrogen and tritium simulations. In all three simu-
lations, the ions are accelerated while electron density
peaks from the standing wave are present, reaching keV
energies. The average ion energy decreases slightly as
the standing wave dissipates. The conversion efficiencies
from laser energy to (> 100 eV) ion energy were ap-
100 200 300 400
Time (fs)
-21.5
-21.0
-20.5
FIG. 6. The average trajectories in x for a sample of particles
starting in the boxed regions in Fig. 4, representing the first
three peaks in the ion density. The white vertical lines repre-
sent approximately when the laser begins reflecting, reaches
its half maxima, and stops reflecting. Shaded vertical lines
correspond to the times represented in Fig. 4. The ions con-
tinue to travel after the standing wave has dissipated, and the
observed peaks are created by the crossing ions.
proximately 0.027%, 0.016%, and 0.011% for the three
simulations respectively.
We did not include ion-ion collisions in these simula-
tions, which could potentially change the behavior of the
ions and potentially lengthen the duration of the peak.
However, the peak forms in a relatively low initial density
(8.5×1019 cm−3 ≈ ncrit/20) plasma shelf. In Appendix C
8FIG. 7. Longitudinal ion energies for particles starting in the
boxed regions in Fig. 4. The average energies for each simula-
tion are plotted in time and the distribution of ion energies in
the background corresponds to the deuterium simulation (log-
arithmic grayscale). The energies increase while the charge
separation caused by standing EM wave is present.
we determine that the mean free path of ion-ion collisions
for our conditions is larger than the scale of the peak for
the higher energy ions in the shelf region.
C. Peak Electric Fields
Figure 8 shows a line out of the longitudinal electric
field along the laser axis from the deuterium simulation
compared to various models for context. As mentioned,
the intensity of this standing wave exceeds Icrit by about
a factor of 5, which means that we do not expect the
sinusoidal model to be accurate in this case. As seen in
Fig. 8, the peak sustained longitudinal electric fields in
the simulation are close to 2×1011 V m−1 which is larger
than one would expect in this case from the sinusoidal
model (1011 V m−1) by about a factor of 2. This is still
somewhat below the peak electric field of the “maximum
depletion” model shown in Fig. 2 which is near 3.1 ×
1011 V m−1. This model is described in Sec. II A 2 and it
concludes that the peak electric fields are up to a factor of
pi larger than the sinusoidal model as a limiting case. The
results from the simulation lie between these two bounds.
At the critical surface, where there are more available
electrons, larger fields are present as shown in Fig. 8,
although there are oscillations in the field. When moving
further away from the laser axis, there are oscillations in
the longitudinal electric field.
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FIG. 8. The observed longitudinal component of the electric
field at 70 fs after the beginning of the deuterium simulation
near the center of the laser pulse (PIC) averaged over several
cells, as compared to the simple sinusoidal density variation
model (Sine), maximum depletion (Max), and the expected
ponderomotive force (Eq. 4) divided by e for reference (Ep).
The electric fields found in the simulation lie between the
sinusoidal model and maximum depletion model as expected
for this intensity and density.
D. Ion Energies
Equation 19 estimates the maximum ion energies from
the interaction that we compare to the PIC simulations,
however this estimate requires some assumption for how
long the standing wave is in place (tSW). This is a diffi-
cult number to uniquely establish because the intensity
envelope of the laser pulse is sine-squared and there is no
abrupt turn on and turn off of the standing wave. From
considering the results of Fig. 7, using the 42 fs FWHM
of the laser pulse as the duration of the standing wave
is too short because the ion energies continue to grow
even 42 fs after it begins to rise. Using the 84 fs full
pulse duration of the laser pulse as the duration of the
standing wave is too long, both empirically from Fig. 7
and from the reality that the standing waves are created
by the overlap of the forward and reflected laser pulse.
In Tab. I we therefore use both of these timescales for
the standing wave in our model in order to bracket the
possible ion energies. We empirically find that choosing
tSW to be 76 fs yields particularly accurate estimates for
the max ion energies in all three simulations.
9TABLE I. Maximum ion energies reported in keV from the
simulation shortly after the standing wave has dissipated.
This is compared to the energies predicted with Eq. 18. Be-
cause the laser pulse has a temporal profile that is sine squared
(rather than square), the time-dependent maximum ampli-
tude makes comparison to the model more ambiguous. We
compare the simulation result to the model with three dif-
ferent assumptions for the duration longitudinal electric field
caused by the charge separation from the standing wave (tsw).
Simulation Model
tsw = 42 fs tsw = 76 fs tsw = 84 fs
1H+ (keV) 4.9 1.9 5.0 5.7
2H+ (keV) 3.0 1.0 2.9 3.4
3H+ (keV) 2.0 0.7 2.0 2.4
V. DISCUSSION
A multiply-peaked density modulation is observed in
our simulations throughout the under-dense shelf region
for these initial conditions. The short pulse regime for
ponderomotive steepening identified in this theoretical
work shows large longitudinal electric fields (potentially
up to ≈ 1012 V m−1 for 800 nm light near the critical
density) that accelerate ions to tens to hundreds of keV
in energy when the above conditions are satisfied. The
consequences of these conditions seem to be overlooked
in the literature. From a peak ion energy standpoint,
this mechanism is not as appealing as conventional laser-
based acceleration schemes such as Target Normal Sheath
Acceleration (TNSA)33, but because the energies are still
sufficient to produce fusion, experiments of this kind may
be useful, for example, for producing neutrons with a very
small source size.
Largely because the spacing between density peaks is
close to λ/2, features like these have not yet been ob-
served in optical interferometry. By using intense mid-
IR laser systems to produce these modulations this may
be possible, so long as one is careful to consider that the
peaks are a highly transient effect. In our simulations
with 800 nm wavelengths, 42 fs FWHM pulse durations,
and peak intensities near 1018 W cm−2 the features per-
sist for less than a picosecond. While there are interfer-
ometric systems that can operate at this short timescale
(e.g. Ref.16), experiments at longer wavelengths, lower in-
tensities, and ions with lower charge-to-mass ratios can
be designed to make the ion acceleration happen over a
longer timescale in order to study the evolution of these
peaks. The interferometric data would be useful as a
novel validation test of kinetic plasma codes, especially
if the experiment can be performed at normal incidence.
There are papers in the literature that study the
presence of periodicity in the density distribution from
the overlap of two crossed laser pulses (e.g. Sheng
et al. 4 , Suntsov et al. 13) because this produces a kind
of transient “plasma grating” that can be detected with
probe light. The growth of this plasma grating is simi-
lar in many ways to the peaks that form via pondero-
motive steepening and we outline a number of paral-
lels in the present paper to recent work by Lehmann
and Spatschek 7 who consider overlapping laser pulses
through a low density medium. This phenomenon has
interesting potential applications as discussed in Refs.4,6.
Compared to approaches with counter-propagating
laser pulses, there are some advantages to producing
these density modulations through the reflection of laser
light from an overdense target. Specifically, less total
laser energy is required because the reflected laser pulse
interferes with itself and there is no need to carefully
time the overlap of the pulses since the laser naturally
reflects from an overdense surface. The other advantage
of overdense targets, as we have explored in this paper, is
simply that the density of the shelf or medium the laser
travels through can be significantly larger than counter-
propagating laser experiments would allow. Larger den-
sities allow for significantly larger longitudinal electric
fields for accelerating ions. The density of the medium
in experiments with overlapping laser pulses is typically
a few orders of magnitude below critical density because
of the need to avoid intensity dependent index of refrac-
tion effects. Experiments with overdense targets are not
as constrained by this because irradiating an overdense
target with an appropriate “pre-pulse” produces a few-
to-many-micron sub-critical density plasma in front of it.
Besides increasing the peak ion energies, the other advan-
tage of producing density modulations in a higher den-
sity medium is that the difference between the peak and
minimum density will be larger, which should produce
more easily detectable fringe shifts in efforts to perform
interferometric imaging.
We have emphasized the novelty of performing exper-
iments of this kind in the mid-IR (2 µm . λ . 10 µm).
Our results also imply that it would be interesting to
investigate ponderomotive steepening with shorter wave-
lengths as well. Shorter wavelength lasers are able to
propagate into denser regions and, as previously dis-
cussed, denser plasmas produce larger peak electric fields
which are advantageous for accelerating ions. This detail
is important for the possibility of using experiments of
this kind to create a neutron source with a very small
source size because, as is well known, neutron yields in-
crease significantly with ion energy34. In a suitably de-
signed experiment, one could try to produce neutrons
from the collision of counter-streaming ions in the den-
sity peaks. However, as considered in Appendix C, the
mean free path for these collisions is large compared to
λ/2. Neutron-producing fusion reactions are more likely
to come from ions that stream towards the first peak near
the target and continue into the overdense region. This
would be a “pitcher-catcher” type configuration where
the pitcher and catcher are separated by only ≈ λ/2.
A crucial assumption of this work is that the plasma re-
mains highly reflective. This is certainly true of our simu-
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lations, but it is well known that the intensity and wave-
length of the laser are important factors for the reflec-
tivity. To make more reliable extrapolations to shorter
and longer wavelengths and smaller and larger intensi-
ties than we consider in the simulations we present here,
one would need to carefully consider the scaling of the
reflectivity with various parameters (e.g. Levy et al. 26).
While it is outside the scope of the present work, this
remains an important priority for future investigations.
VI. CONCLUSIONS
The formation of multiply-peaked density modulations
associated with ponderomotive steepening is of funda-
mental interest as a basic plasma process and of practi-
cal interest as a means to modify the density profile of
a target and to accelerate ions. Our PIC simulations in-
dicate that these peaks are especially transient, lasting
less than a picosecond after the end of a short-pulse laser
interaction. This is important to factor into the design
of future experiments to detect this phenomenon. We
also find that the large longitudinal electric fields that
are produced in these laser interactions accelerate ions
to few keV energies in short pulse laser interactions, and
potentially up to hundreds of keV energies in longer du-
ration interactions. In our simulations these fields reach
2× 1011 V m−1.
We outline a simple model to estimate the timescale of
ion motion and peak energies of ions in these interactions.
This model matches the peak ion energies in our simu-
lations reasonably well. We also comment on extensions
to this model that provide some insight even when the
laser intensity exceeds a critical value. The model indi-
cates that higher field strengths are achieved with shorter
wavelength interactions due to the increased critical den-
sity. Ion acceleration should be much less pronounced in
longer wavelength interactions, but this may still be an
interesting regime to perform interferometric imaging as
a novel validation test of plasma codes if the experiments
are performed at normal incidence.
Multiply-peaked ponderomotive steepening has many
parallels to studies of counter-propagating laser pulses
which is a phenomenon with interesting potential ap-
plications for the field4,13. A key difference is that
interference from reflection occurs at a comparatively
higher density. As a result, the longitudinal electric field
strengths are much larger, as just mentioned, and there
are important subtleties to analytically modeling this
phenomenon and challenges in experimentally probing it
that we have outlined.
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Appendix A: Timescale from Ion Oscillation Frequency
Alternatively, to represent the timescale of the ion mo-
tion, we could consider the ion plasma oscillation fre-
quency
ωpi =
√
niZ2e2
miε0
. (A1)
We replace Zni with ne and then use Eq. 9 to write this
as a function of laser intensity,
ωpi =
√
4Ze2I
mimec3ε0
, (A2)
and providing a timescale of (one-quarter of the ion os-
cillation period)
τion =
pi
4
√
mimeε0c3
Ze2I
, (A3)
which agrees with the timescale found in Sec. II B.
Appendix B: Maximum Ion Energies
To calculate the maximum ion energy, one may also
calculate the work done by the electric field on an ion
traveling from a valley to an electron peak. For the sinu-
soidal model, this results in a maximum energy of
KEmax =
1
2
mec
2Z ×
(
ne
ncrit
)
= 255.5 Z ×
(
ne
ncrit
)
keV, (B1)
which, as expected, is slightly higher than predicted with
the energy predicted from the linear approximation in
Eq. 14. If ne ≈ n0, then the field would to shrink at later
times, due to ion movement, reducing this maximum en-
ergy.
Similarly, if we calculated the energy from the maxi-
mum depletion model, we find
KEmax =
pi2
8
mec
2Z
(
ne
ncrit
)
= 630.4 Z
(
ne
ncrit
)
keV, (B2)
where we see that the ion acceleration associated with
ponderomotive steepening appears to be primarily a sub-
MeV acceleration mechanism.
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Appendix C: Ion Mean Free Path
Following the ion-ion mean free path estimate from
Park et al. 35 and Trubnikov 36 , the ion-ion mean free
path for colliding flows with mass number A and velocity
v before the collision is approximated as
λmfp[cm] = 5× 10−13
[
s4
cm6
]
A2
Z4
v4
n
, (C1)
assuming the Coulomb logarithm is ten37 and that the
temperature of the counter streaming flows is much
smaller than the energy of the ions due to the bulk flow
velocity. For example, if we look at the deuterium sim-
ulation, (Az = 2, Z = 1), and consider the maximum
peak density to be ≈ 2.5 × 1020 cm−3 and average ve-
locity to be ≈ 3 × 105 m/s, then we find λmfp ≈ 65 µm,
which is orders of magnitude larger than the width of
the peaks. This mean free path is shorter for the low
energy ions, although these are of less interest for this
work. For higher densities, such as in the bulk of the tar-
get, or with a higher density pre-plasma, collisions would
be more significant.
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